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SUMMARY 

The results of &z1 induced-angle-of-attack  calculation  obtained by 
us ing  a lnethod applicable to  propellers of a rb i t ra ry   c i rcu la t ion   d i s t r i -  
bution are presented f o r  a series of five  propellers f o r  which blade- 
section  pressure  distribution and wake-survey measurements have been m a d e  
a t  various advance ra t ios .  The propellers are the NACA lo-( 3) (066)-03 
propeller,  the DTACA 10-(3)(049)-03  propeller,  the NACA 10-(3)(0g0)-03 
propeller,  the NACA 10-(5)(066)-03 propeller, and the NACA 10-(0)(066)43 
propeller. The Fnduced angles of..attack are intended t o  be used to   put  
the data f o r  these  propellers on a basis  comparable with two-dimensional 
wind-tunnel data. A short  description of the  nethod of calculation i s  
given and results of  the wake-survey measurements are included. 

A ser ies  of five  propellers were tes ted i n  the Langley  16-foot  high- 
speed tunnel t o  determine  blade  section  characteristics by measurement 
of blade section  pressures  (references 1 t o  5 ) .  Most of the   t e s t s  were 
made at a blade angle se t t ing  of 45O at the 0.75 radius  station. In 
reference 1 the test equipment i s  described and the  purpose and extent 
of the investigation are given a t  greater length. 

Ln order to  determine  the angle of attack for the  propeller  sections, 
induced angles of attack have been-calculated by the method of  Lock 
(reference 6) .  The resu l t s  of these  calculations have been presented 

but ion  for  the propellers  tested usually differed from the optimum o r  
Betz distribution.  Since  Lock*s method may be s t r ic t ly   appl ied  only  f o r  

. in  the  data  papers  (references 1 t o  5 ) .  However, the  circulation distri- 
. " 
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propellers havfng an opthum  distribution, it was therefore  inadequate ". . 

an8 a method of calculation  suitable for a r b i t r a r i l y  loaded  propellers 
was sought. The Theodorsen theory  (reference 7) for   calculat ing the 
axial interference  velocity i s  applicable  to  propellers of a rb i t ra ry  
circulat ion  dis t r ibut ion and w a s  used to calculate  the induced angles 
of a t tack which are presented  herein.  This  theory  refers t o  an arbitrary 
propeller-in  incompressible  nonviscous f l o w  with  neither  spinner body 
nor wind-tunnel wall present and i s  subject  to  the  Ifmitations of lifting- 

". 

T z 

line theory. 

SYMBOLS " 

The symbols used  throughout this paper, some of which are defined 
In figure 1, are a8 follows: 

B number of  blades 

b blade chord, f e e t  

C l  section lift coefficient 

cn section normal-force coefficient 

D propeller  diameter,  feet 

J advance r a t i o  (v/~D) 

M Mach number of advance 

I \ 

hel ical   sect ion Mach number M 1 + ( \i ( 3 7  
n 

R 

r 

V 

vl 

propeller  rotational speed, revolutions  per second 

propeller-tip  radius, feet 

I -- radius   to  a blade  element, feet 

velocity of  advance, feet per second 

axial induced velocity at blade  section,  feet per 
second 

W axial displacement velocity of helical  vortex  surface 
(a t   Fnf in i ty) ,   fee t  per second - 
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induced veloci ty  a t  blade  section,  feet per second 

f rac t ion  of  propeller-t ip  radius ( r / R )  

reference  point at which induced veloci ty  is 
calculated 

dF dQ dP x - , x -  x - Theodorsen  weight functions 
dx dx' dx 

"ir induced asgle of attack,  degrees (as calculated 
using Theodorsen' s theory) 

x . :  Induced  angle of  attack,  degrees (as calculated by Lock's method u s i n g  Goldstefn correct ion  factors)  

* angle of at tack of blade element corrected f o r  induced 
f low and blade  def lect ion  a t  radial s t a t ion  x 
(Bx + 4 3  - $0 - ai) I degrees 

blade angle a t  s t a t ion  x, degrees 

blade  torsional  deflection o r  blade twist, degrees 
- r c i rcu la t ion  a t  s ta t ion  x 

K 

A 

circulat ion  coeff ic ient  t o  f irst  order (BrUI/2xVw) 

contribution of gap in weight function x * &t x1 

h advance r a t i o  (J/x) 

8, geometric helix angle,  degrees $) 
a propel ler   rotat ional  speed, radians per second 

APPARATUS 

The propeller tests were mde 'by  using' a 2OOO-horsepower  dynamometer 
which is described i n  reference 8. The tes t s   we   descr ibed  in  refer-  ' . ences 1 t o  5. The propellers were 10 f e e t   i n  diameter,.  rectangular i n  - 

. . . .  
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plan form, of 8-inch  chord, and were designed w i t h  NACA 16-series a i r fo i l  
sections. The propellers  differed from each  other in design l i f t  coef- 'CT " 

f i c i e n t  and thickness  distribution. The design l i f t  coeff ic ient   for  
each  propeller was constant along the blade  radius. The thickness d i s -  
t r ibut ions  are  shown in   f igure  2. A fu l l  description of the  propellers 
may be found in  references 1 t o  5.  

The f ive  propellers tested are designated as follows: 

NACA lo-( 3)  (066) -03 

NACA 10-(3)(0g0)-03 
NACA lo-( 3) (049) -03 

NACA 10-(5)(066)-03 
NACA 10-(0) (066)-03 

The d i g i t s  in the above designations  indicate the propeller diame- 
ter, 10 fee t ,  and describe  the  airfoil   sections a t  the 0.7 r ad ius  &s 
follows: section design l i f t  coefficient,  0.30, 0.50, or  0; section 
thickness  ratio 0.066, 0.049, or  0.090; and t he  solidity per  blade, 0.03. 

. .. 

The rake f o r  wake-survey measurements was mounted Fn the tunnel radi- 
a l l y   a t  an angular posit ion of lO5O measured clockwise f r o m  top  center 
as viewed looking  upstream. MeEtmrreIllents were taken  in  a plane pa ra l l e l  
to  and 10.34 inches  behind the plane of  rotat ion of the propeller. 

* 
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RESULTS 

The re su l t s  of  the wake surveys  are  presented i n  ffgures 3 to 7 t o  
show the  distribution of section lift coefficient along the blade  radius. 
These curves were used in   the  calculat ion of the induced angles of attack. 
The l i f t  coefficients were derived from wake-survey measurements by the 
method of reference 9. The curves 8,re presented  for  several advance 
r a t io s  a t  each  constant  propeller  rotational speed or  constant tunnel 
Mach number test   condition  for  the  f ive  propellers which were tes ted.  
Figure 8 shows a loadin@; curve f o r  the NACA lo-( 3) (O9O)-O3 propeller at 
an M = 0.65 test condition. This curve i s  a cross  plot  made from the 
pressure-dis t r ibut ion  nm"-force  coeff ic ients  cn and was used i n  the 
calculation because the propeller wake surveys a t  that test   condition 
were too e r r a t i c  t o  be considered  reliable. 

Table 1 i s  an index f o r  the tables of induced angles of attack. 
Tables 2 t o  6 contain  the induced  angle of attack tqr and the corrected 

angle of attack  for  each test point of  the  f ive  propel lers   for  a 
blade  angle  setting of 45O. The values of induced  angles  presented in 
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the tables of section  .characterist ics in references 1 t o  5 have been 

should be used i n  place of these  previously  published  values. Induced 
angles for the test poFnts at other  blade angle settings were not  cal-  
culated. The one-blade-propeller results are included. 

* calculated by the method of Lock. The present  values i n  tables 2 t o  6 

Theodorsen weight functions x E, x z, dJ? aQ ana x - f o r  an advance dx 
r a t i o  of 2.0 are presented i n   t a b l e s  7 t o  9. The x - dp ~ c t i o n s  are 

on ly  f o r   t h e  second blade of  a two-blade propeller where the aszrular blade 
spaclng is  &&lo. These tables are representative of the ones used i n  
the  calculaf ions  for  this paper. 

-ax  

DISCUSSION 

In  the  propeller  data  papers (references 1 t o  5 )  the  method of  Lock 
(reference 6)  was used t o  calculate  the induced angle of a t t a c k   f o r  the 
propellers of a rb i t ra ry  load distribution. Lockfs analysis i s  based 
upon the assumption that the  induced  velocity i s  proportional t o  the 
loading at  any point.   Essentially it gives the  induced e f f e c t s   f o r  a 
Ektz  loading whose magnitude i s  the same as that of  the  arbi t rary loading 
at the  point  considered.  This method gives good results i f   t h e  arbitrary 
loading does not  depart  too far from an optimum o r  Betz loBaing. However, 
when the arbitrary loading i s  considerably different from the optimum, 
the results of the Lock  method are less r e l i + l e  and a mre elaborate 
analysis i s  necessary.  Figure 9 shows the radial variat ion of induced 
angle of at tack.  as calculated  using  Theodorsen's  theory f o r  an arbitrary 
propeller loading from the NACA 10-(3)(066)-03 propeller a t  an advance 
r a t i o  of 2.100 and a stream Mach number of 0.67. A comparison of t h i s  
induced  angle  with  the result from  Lock's metliod of calculation shows 
the  discrepancy which may be expected in using  Lockfs method f o r  such 
a loading. The divergence i s  greatest near the   propel ler   t ip .  

- 
- 

R a d i a l  loading curves.- The determination of  the loading  curves is 
Fmportast  because,  once these are established, the induced angles of 
at tack may be found by a computing process. The induced  angle f o r  a 
section depends nbt only on the  magnitude of t h e c i r c u l a t i o n  a t  the 
section but also on the shape of the ci rcu la t ion   d i s t r ibu t ion  curve 
especially in the neighborhood  of the  section in  question.  For  the 
present  calculations,  use of the  propeller  pressure-distribution data 
t o  form loading  curves would have been  desirable  because  the  correction 

d o n g  the propeller were not measured simultaneously, m c h  in t rduced  
the  possibi l i ty  of differences i n  section Mach number and e r r o r s   i n  

- must be applied t o  these data. But the  pressure data for   the  s ta t ions 

.1 advance r a t i o  which would a l t e r   t h e  shape of the  cross-plotted  loading. 
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The wake-sunrey measurements 
provided  simultaneous  values 
curve all at the same stream 

which were taken  during  the  propeller tests 
of l i f t  coeff ic ient   to  form a radial loading * 
Mach nuniber. and advance ra t io .  These measure- 

ments  of w a k e  survey %re thought to  present a more reliable picture of 
the  propeller  loading shape and were  used  extensively i n  the  present  cal- 
culations.  Circulation  curves were obtained f r o m  wake-survey measure- 
ments at test p i n t s  close t o  the advance r a t i o s   f o r  which the Theodorsen .- 

weight functions were calculated. I - 1.. 

. .  

The calculation of  induced asgle of a t tack   for   the   f ive  test pro- 
pe l le rs  was not made for each test point  since this would l ead   t o  pro- 
hibit ive  labor.  Rather, a number of loading  curves were selected  for  a 
range  of  advance r a t io s  from l i g h t   t o  heavy load  for  each  constant  pro- , . 
pel ler   rotat ional  speed or  constant  tunnel Mach  number f o r  the propellers 
tested. The radial dist r ibut ion of induced angles was obtained for each 
loading curve and these results cross  plotted against l f f t   c o e f f i c i e n t  ci 
f o r  each radial s ta t ion  x. Since, to   the  first order,  cz = cn, these 
cross  plots were used d i r ec t ly   t o  apply  the results of the  calculations 
to the  data, 

. . .. 
. .  

. . _. . . " 

. .  
1 

The wake-survey l i f t -coeff ic ient   dis t r ibut ion  curves  shown in f ig -  
ures 3 t o  7 were used in  the  present  calculation.  For  the most par t  the - 
curves at low propeller  rotational speed and at  low forward Mach number 
do not  depart   radically  in appearance  from a Betz load. However,  when 
the  forward Mach  number reaches 0.60 and above, the  effects  of compressi- i; -1 

b i l i t y  become apparent as more of the outboard  sections  begin to operate 
above their   l if t-divergence Mach number. An abrupt loss of lift occurs 
as the  lift-divergence Mach number i s  exceeded.  Frequently, as the  for-  
ward  Mach  number i s  increased,  the  section Mach number becomes high enough 
t o  cause some recovery of lift. This  recovery would  be expected t o  occur 
a t   o r  above a section Eiach  number of 1.0 for  the  thiclmess of the  out- 
board  sections of most of- the  propellers  tested, These i r r egu la r i t i e s  
in  propeller  loadings, caused  by compressibility and off-design  operation, 
necessitate use  of the methods of analysis which are applicable t o  arbi-  
t rery  propel lers .  

" 

. .. 

Method of calculation,- If in figure 1 the  interference  velocity 
vector wl i s  considered normal. t o  Wo, it can be shown that   the  induced 
angle of attack may be found by 

i 
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and the  section  angle of attack may then be determined from 
u 

% = Bx +as - 8, -ai (2) 

The r a t i o  vl/V Fn equation (1) may be found by the fornula presented 
in reference 7 as 

which may be writ ten a s  

1 where the mumnation is over the nuniber of blades. The weight Function 
x- u is  composed of two parts, x - aQ Etnd x- 

2% dx 
f o r  the blade con- dx' 

sidered. These functions may be found tabulated in reference 7. 

The function x - dF becomes i n f h i t e  at the point x1.- The contri-  dx 
bution A of this function i n  the  regfon of xl may be found by a 

Taylor se r ies  expansion in - 'F+ about xl. m e  formula f r o m  refer-  

ence 7 for the  contribution of x - 
dx 

in the  neighborhood of the singular 
dx 

p0Fn.t may be written as 
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and Ax i s  the gap at the  singular  point. 

ter, rectangular 
l i f t -coef f ic ien t  
an advance r a t i o  
table 10. It i s  
coefficient by 

Sample calculation.- In order   to  show the method of solution and 
the  expected  accuracy of the   f ina l  aaswer, an example of the cdcu la t ion  
is  performed as follows. Assume a two-blade propeller, 10 f e e t   i n  d i m -  

i n  plan form, and having an 8-inch  chord  with a section- 

. ._ " ..  

. -  

cz- dis t r ibut ion CQrrespOnding t o  a Betz  loading  for 
of 2.0. The cz dist r ibut ion chosen i s  given i n  
convenient to  convert c z  t o  a nondimensional c i rculat ion 

- . . _  

For an x1 = 0.9511, the  substi tution is  . " ." 

The quantity vl/V mey be computed f r o m  equation (3) .  Since a two- 

blade  propeller has 

second blade.  This 
for   the  first blade 

been asqumed, there i s  an x - function  for  the 

function may be combined with the x ax 'Q function 
i n  a single graphical  integration as 

dP 
ax . "  

. .  
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gives 0.669 when a gap of  0.05 in x about the XI = 0.ggll point i s  
excluded from the integration.  Plots f o r  the above two graphical inte- 
grations &re shown in figure 10. The gap A i s  found  by using equa- 
tion (4) where xl = O.g5ll, bl = 0.5562, c = 0.6906, and DX = 0.05. 
F i r s t  and  second derivatives  with respect t o  x are obtained from the 
propeller  circulation-distribution curve RS 

Thus, by subst i tut ion 

. 
t 

A summation is made 

= 0.n3 + 0.669 + 0.471 

= 1.253 

and 

= 0.0398(1.253) 

= 0.049 
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Whence, from equation (I), 

A complete tabulation i s  made i n  table 10 f o r  t h i s  calculation at 
various  values of propeller radial s t a t ion  x = E. Since a Betz  loading 
was assumed i n  the sample calculation, a comparison of the Theodorsen 
results  with the exact  Goldstein-Lock r e su l t s  as given i n  table 10 pro- 
vides a check on the accuracy of the calculation. 

Comparison of propeller  data with two-dimensional wind-tunnel section 
- data.- Propeller  section lift curves f o r  an NACA 16-307 sec t ion   a t  a Mach 
number of 0.70 are shown i n   f i g u r e  11 corrected  Mth induced angles of 
attack  as  calculated by Lock's method and &E; calculated by using the 
Theodorsen theory  for  arbitrary  loadings.  The propel ler   data   for  these 
curves were obtained with the W A  10-(3)(066)-03 propeller for a 
0.65 rad ia l   s ta t ion  and with the NACA 10-(3)(090)-03 propel ler   for  a 
0.9 radial station. The two-dimensional data included Fn the  figure 
f o r  comparison were obtained from reference 10 and have been corrected 
f o r  wind-tunnel w a l l  interference by the method of reference 11. This 
figure shows the effec t  of t i p  relief on lift-curve  slope with change 
in radial   posit ion.  The outboard  sections have lesser  slope, a trend 
evident  throughout  the  propeller  data. 

The induced-angle-of -attack correction  for  the  propeller data i s  
determined by an analysis which presumes that the propeller  operates in 
an.incompressible,  nonviscous  fluid,  without boundary constraints such 
as wind- tme l  wall and spinner body. The influence of compressibility 
on the  correction i s  not known but it i s  thought t o  be small and i s  
neglected. This appears  permissible in the absence o f  strong shocks on 
the propeller, 

Neglect of the effkct  of spinner a d  tunnel wall in the  present 
calculation may result   in  overestimation of the induced  angle of a t tack  
especially  for  the  inboard  stations of the propellers. In addition, the 
e f f ec t s  of the  propeller w a k e  d i s tor t ion  caused by slipstream contraction 
and the fncrease of advance r a t io  for the surface of the propeller  helix 
in the f a r  wake are  neglected,  but for l fgh t ly  loaded  propellers,  these 
e f fec ts  are  smell. . 

The influence  of  viscosity on propeller  theory is  unknown and may 
be appreciable. The viscous  effects  include  skin-friction  drag and 
buundary-layer action due to  centrifugal  forces. These ef fec ts  are 
included in  the  propeller  section data which are  presented  in  references 1 

. .  . .. 

. . -  

- *  
. -  
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. .  
. .  
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t o  5 and may represent   par t  of the .difference shown Fn figure 1l between 
the propeller  section data and two-dimensional wind-tunnel results. P 

A comparison of the induced  angles of  a t tack  calculated  by a method 
using Theodorsen's t h e o r y  with those  calculated by the method of Lock 
f o r  five subject  propellers  indicates that the results obtained by using 
Lock's method c& be considerably in e r ro r  f o r  propellers of arbi t rary 
load distribution. 

The lift-curve slope of the propeller  section data varies  with 
redial position,  decreases toward the propel ler   t ip ,  and i s  generally 
less than that of two-dimensional  wind-tunnel a i r f o i l  section data. 

Because of observed  differences,  application of the  propeller data 
to the extension of two-dinrensional. section data i n  the transonic range 
could be of quali tative  nature 0d.y. 

c Langley  Aeronautical  Laboratory , 

National  Advisory C o n n n i t t e e  f o r  Aeronautics 
Langley Fieid, Va. 

c 
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TABLE 6 

BLADE EECTION AlVGLF OF ATPACK 

HllCA 10-(0)( 066) -03 PRO- - Concluded 

(i) x = 0.85; = 45'; B = 1 

~~~ . . ~~ ~~ 

H = 0.56 M = 0.62 M = 0.60 H = 0.38 M = 0.s 1 P  rpm .. 
J q T %  

0.10 0.26 2.389 -0.19 0.45 2.392 0.51 1.25 2 . 3 ~  0.h-3 1.08 2.333 1.73 1.14 2.234 0.13 1.20 2.333 

J ~ T %  J ' Y , %   J % T %  J ~ T %  J q T %  

2.270 

2.83 4.28 1.956 2.38 5.00 1.948 2.53 3.93 2.025 6.01 2.34 1.892 
2.86 3.87 1.977 2.G 4.56 1.974 2.70 3.55 2.040 5.97 2.10 1.912 

2.95 3.53 1.993 2.96 3.59 1.98 2.53 4.24 1.992 2.69 3-40 2.051 5.69 2.00 1.937 
2.68 3.33 2.028 2.92 3.35 2.018 2.47 4.02 2.012 2.48 3.02 2.091 5.52 1.91 1.955 
2.53 3.10 2.056 2.77 3.25 2.037 2.38 3.85 2.031 2.b7 2.75 2.110 5.35 1.76 1.976 
2.32 2.96  2.083 2.59 3.00 2.069 2.33 3.69 2.053 2.50 2.39 2.132 5.01 1.68 2.003 
2.07 2.78 2 . w  2.48 2.80 2.092 2.26 3.36 2.076 2.35 2.24 2.151 5.34 3.67 1.849 4.65 1.60 2.032 
2.00 2.62 2.133 2.30 2.60 2.120 2.23 3.11 2.095 2.23 2.01 2.173 4.76 3.30 1.920 4-19 1-58 2 - 6 2  
1.64 2.45 2.171 2.20 2.29 2.149 2.12 2.92 2.11.7 1.90 1.90 2.200 4.29 2.90 1.971 3.85 1.52 2.087 
1.38 2.40 2.192 2.02 2.18 2.171 1.81 2.80 2.148 1.76 1.62 2.226 3.75 2.70 2.014 3.31 1.50 2.123 
1.15 2.15 2.22h 1.65 1.82 2.219 1.77 2.58 2.165 1.54 1-73 2.244 3.28 2.29 2.067 2.% 1.42 2.155 

.86 1.95 2.253 1.33 1.50 2.254 1.54 2.45 2.189 1.16 1.36 2.276  2.69 2.06 2.u8 2.21 1.32 2.201 

.18 1.16 2.332 .55 .87 2.325 1.10 1.67 2.260 .83 1.20 2.304 2.37 1.55 2.169 1.13 1.26 

1.930  5.27 2.36 1.933 4.48 2.94 - 
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Figure 1.- Velocity  vector diagram for  a propeller  section. 
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Figure 2. - Propeller-blade-form curves, 
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Ffgure 3.- Conthued. 
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Figure 3. - Continued. 
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Figure 3.- Continued. 
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Figure .3. - Concluded. 
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Figure 4. - L i f t  coefficient dist r ibut ion curve from wake survey. 
NACA 10-(3)(049)-03; Po.7s  = 430. 
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Figure 4.- Continued. 
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Figure 4.- Continued. 
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Figure 4. - Continued. 
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Figure 5. - Lift coeffident  distribution curve from wake survey. 
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Figure 3.- Continued. 
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Figure 7.- Continued. 
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